ABSTRACT: Bone blood perfusion has an essential role in maintaining a healthy bone. However, current methods for measuring bone blood perfusion are expensive and highly invasive. This study presents a custom built near-infrared spectroscopy (NIRS) instrument to measure changes in bone blood perfusion. We demonstrated the efficacy of this device by monitoring oxygenated and deoxygenated hemoglobin changes in the human tibia during and after exercise in able-bodied and in individuals with spinal cord injury (SCI), a population with known impaired peripheral blood perfusion. Nine able-bodied individuals and six volunteers with SCI performed a 10 min rowing exercise (functional electrical stimulation rowing for those with SCI). With exercise, during rowing, able-bodied showed an increase in deoxygenated hemoglobin in the tibia. Post rowing, able-bodied showed an increase in total blood content, characterized by an increase in total hemoglobin content due primarily to an increase in deoxygenated hemoglobin. During rowing and post-rowing, those with SCI showed no change in total blood content in the tibia. The current study demonstrates that NIRS can non-invasively detect changes in hemoglobin concentration in the tibia. ß
Bone is a highly vascular tissue, and bone blood circulation has a critical role in nutrient delivery and oxygen consumption, thereby influencing bone metabolic activity. Moreover, bone blood flow plays an active role in controlling the osteogenesis process. 1 An intact vascular network is necessary for all skeletal processes, including growth, repair, maintenance, and remodeling. [2] [3] [4] [5] [6] Changes in blood perfusion to bone may indicate a pathophysiological process. For example, increased bone blood perfusion results from cancers, hyper-remodeling, osteoarthritis, and bone marrow lesions; whereas decreased perfusion is associated with osteonecrosis, osteoporosis, and fracture non-union. [7] [8] [9] Though the importance of blood flow in bone is clear, it remains poorly studied. The dense nature of bone makes it very difficult to investigate blood circulation and the techniques used to quantify circulation in other tissues are either difficult or impossible to apply to bone in vivo. The current "gold standard" for measuring bone blood flow is the radioactive microsphere technique. However, this technique is highly invasive, requiring the use of radioactively labeled particles and sampling of tissues, making it inappropriate for clinical measurements. [10] [11] [12] Positron emission tomography, ultrasound Doppler velocimetry, intraoperative measurement of oxygen tension, and MRI provide an indication of perfusion with limitations of radiation, invasiveness (use of contrast agents), difficulty in quantifying bone blood flow, and high cost.
Near infra-red spectroscopy (NIRS) is commonly used to assess blood perfusion in soft tissue. [13] [14] [15] [16] [17] NIRS relies on spectral differences in the light absorbing properties of oxygenated (O 2 Hb) and deoxygenated (HHb) hemoglobin to determine a quantitative measure of oxygenation saturation and hemoglobin content in tissue. NIRS, however, has not been extensively used to assess blood perfusion in bone. A few studies have used optical approaches to measure blood perfusion in bone marrow, which is clinically significant for marrow cancers. [18] [19] [20] [21] [22] These studies have shown that NIRS can measure the effects of physiological events on blood perfusion (microgravity, 18 orthostatic stress,
). NIRS was also used to assess pulsatile flow in the patella. 23 , 24 Aziz et al. 22 presented hemoglobin content in tibia cortical bone in a single individual during cuff inflation using a NIRS instruments developed specifically for bone. Sekar et al. 25 used timeresolved diffuse optical spectroscopy to probe bone oxygen consumption and blood flow in different superficial bones in able-bodied individuals. These promising results indicate the potential of optical techniques in investigating blood content in bone.
In this study, we use NIRS to assess physiological changes in blood content in cortical bone. The main objective of this study was to apply NIRS to measure changes in hemoglobin concentration in tibial cortical bone during and after exercise. Tibial bone was chosen for NIRS monitoring because it is an easily accessible superficial bone. Previous studies indicate that regional bone blood flow increases during and directly after a period of physical exercise in humans 26 (measured with PET) and rats 27 (measured with radiolabeled microspheres). Therefore, we hypothesized that NIRS measurements would indicate an increase in the amount of blood in bone immediately after exercise in an able-bodied population.
A second objective was to determine if our sensor was sensitive enough to measure differences in hemoglobin concentration in a population with impaired blood perfusion, namely the spinal cord injury (SCI) population. Pilot work (in conference proceedings 28, 29 ) has presented methods of using NIRS in those with SCI, but results of the full studies have not been reported. A spinal cord lesion results in a reduction in blood flow in the regions below the level of injury, [30] [31] [32] [33] and individuals with complete SCI have greater blood flow impairment compared to those with incomplete SCI. 32 Additionally, the lack of muscle contraction of the legs resulting in a loss of mechanical loading of the bone further contributes to a possible abnormal peripheral bone blood flow circulation. Thus, we used NIRS to assess bone blood perfusion in the SCI population before and after functional electrical stimulation (FES) assisted rowing. This uses electrical stimulation to produce hamstrings and quadriceps contractions, allowing for flexion and extension of the knee. [34] [35] [36] While an increase in bone blood perfusion with exercise is expected in the able-bodied, it is unknown how exercise affects blood perfusion in the bone in those with SCI. We hypothesized that those with SCI would have smaller changes in hemoglobin concentration in the tibia during exercise compared to the able-bodied population due to impaired peripheral blood perfusion.
METHODS

Experimental Apparatus
A custom NIRS system was developed to monitor oxygenated and deoxygenated hemoglobin changes in the human tibia bone as shown in Figure 1 . The major differences between our system and commercially available systems frequently used in assessing hemoglobin changes in muscle 37, 38 are as follows: (1) we have two detector locations as opposed to one, which allows us to estimate hemoglobin changes in a twolayer (skin and bone) model, as opposed to a single homogenous medium, and (2) we use a broadband light source and high-sensitivity spectrometers to yield full NIR spectral information, as opposed to making measurements at only two wavelengths. Specifically, the instrument used a whitelight tungsten halogen lamp (Fostec DCRII, Dallas, TX) to deliver light through a large optical fiber bundle to the skin. We used two detector fibers coupled with spectrometers (Mini-spectrometer TG C9405CB, Hamamatsu Photonics, Japan), placed at 1 and 2 cm distances (center-to-center) from the source. Both spectrometers allowed us to measure the diffusely reflected light between 650 nm and 800 nm with 5 nm resolution. The light source and the two detectors were attached to a custom made probe head that was placed on the skin surface directly over the tibia. Light propagates between the source and the detectors in "banana-shaped" sensitivity functions. 13, 14, 16 It is a property of light propagation in biological tissue that light penetrates shallower for more closely separated source-detector pairs and more deeply for wider separated pairs. Therefore, the detector 1 cm from the source (detector A) primarily probed the relatively thin (2 mm) skin layer with some contribution from the bone. The detector 2 cm from the source (detector B) probed deeper into tissue and was therefore more sensitive to the underlying bone. To minimize the effects of soft tissue (muscle) and a local increase in skin blood flow with exercise on the NIRS measurements, the probe head was placed on the anterior side of the tibia where the bone lies directly under the skin.
Validation of NIRS Device
NIRS has been previously used to detect changes in blood flow in muscle during voluntary contractions. 26, [38] [39] [40] To validate that our device could detect changes in blood in soft tissue (before applying it to bone), we analyzed changes in blood perfusion in the quadriceps muscle during an isometric contraction. An able-bodied individual performed maximal and submaximal quadriceps voluntary contractions using a Biodex Isokinetic dynamometer (Biodex, Shriley, NY). The hip was fixed to the dynamometer by a strap and the knee joint angle was flexed at 125˚(180˚is fully extended). The ankle joint was attached to a bar linked to the force transducer. During contraction, the subject was asked to exert force by knee extension action and to fold the arms across the chest. The subject was asked to perform two voluntary contractions: a submaximal contraction at $30% of the maximum voluntary contraction and a maximal voluntary contraction. Both contractions were sustained for 10 s with a 2 min rest interval before, between and after the contractions. Muscle oxygenation was continuously monitored using our NIRS system placed over the quadriceps.
Participants
Able-bodied individuals (N ¼ 9) were recruited at university campuses (Table 1 ). All able-bodied had no history of cardiovascular problems, nor any neurological or orthopedic problems. Individuals with spinal cord injury (N ¼ 6) were recruited from current patients in the Spaulding Rehabilitation Hospital SCI exercise program for FES-rowing and were actively rowing on a weekly basis. All those with SCI were adults with spinal cord injury of American Spinal Association A-C at the neurological level of C6-L2 (Table 2 ). All subjects were medically stable, able to follow directions, able to reach sufficient leg joint range of motion to row, and able to respond to electrical stimulation of the quadriceps and hamstrings muscles. All subjects had a complete medical history and provided written informed consent. All procedures were approved by the Institutional Review Board at Spaulding Rehabilitation Hospital.
Exercise Protocol
All subjects performed a 10 min protocol, which involved 2 min of rest, 5 min of rowing, followed by an additional 3 min of rest. For the rest intervals, the individuals sat on the ergometer, with the knee angle set at 120˚. The intensity of the rowing exercise was subject specific and intended to represent a moderate to high-intensity activity level of 70% of peak achievable workload for each individual. 41 The intensity level was estimated from the corresponding percentage of age-predicted heart rate for the able-bodied ([220 beats/min]-age), and from the maximum heart rate achieved during a prior maximal consumption oxygen test that has been performed for the exercise program for those with SCI. 42 For all the rowing tests, blood perfusion in the bone was measured continuously using our NIRS system by placing the probe head on the anterior side of the tibia.
A Concept2 ergometer was used for all the rowing tests. The adapted Concept2 ergometer allows those with SCI to perform functional electrical stimulation (FES) rowing, by simultaneously exercising the innervated upper body and the non-innervated lower body. FES-rowing has been previously established as an exercise intervention for those with SCI. [34] [35] [36] The adapted Concept2 ergometer has a high back seat unit with full shoulder harness that holds the rower, a telescopic leg stabilizers to prevent the paralyzed legs from moving in lateral direction and two springs underneath the rower rail that help the rower change direction of the movement. 42 A 4-channel electrical stimulator (Odstock, Salisbury, United Kingdom) was used to activate the quadriceps and hamstrings through surface skin electrodes placed over the muscle motor points, causing the legs to flex and extend. The Odstock stimulator was controlled by a trigger placed on the handle, allowing the rower to power their own leg muscles while pulling the handle. The stimulation intensity was set to pulses of 40 Hz with 400 ms pulse width, as is standard in the SCI rowing protocol.
All able-bodied individuals used the adapted Concept2 ergometer for the rowing tests. However, able-bodied individuals did not use the back seat, shoulder harness, telescopic leg stabilizer, and springs during rowing.
Data Analysis
NIRS measurements were made continuously during all rowing tests using our system. To minimize the influence of the transient periods between two different states (i.e., rest and rowing), we have used only 3 out of the 5 min of rowing (between the 1st and the 4th minute of rowing) and the last 2.5 min at the end of the exercise. We used the extended modified Beer-Lambert law (EMBLL) for a two-layer model to determine hemoglobin content changes in the bone from changes in light absorption. [43] [44] [45] [46] The signal strength measured at detectors A and B at a single wavelength is given by:
where m a,i is the absorption coefficient for layer i; L i,j is the average optical pathlength of the photons in layer i that reach detector j and represents the product of the physical source-detector distance and a differential pathlength factor (DPF); and G i,j is the loss in signal due to scattering. A wavelength dependence was also explicitly assumed for each term in (1) and (2) but is not included in the symbols for clarity. The optical density (OD) obtained for detectors A and B (at a single wavelength) is given by:
The dependence on G (due to scattering) is difficult to estimate and was eliminated by considering the difference between two measurements before and after exercise, and assuming that G was approximately constant over the (1)- (6) were estimated using open source Monte Carlo photon modeling software, 47 literature estimates of optical properties of skin and bone at different wavelengths, 48 and the physical source-detector distance. The DPF factors were computed for each wavelength in the 700-900 nm range (Fig. 2) . A refractive index of 1.34 and a scattering anisotropy factor (g) of 0.9 were used for both layers. 48 The absorbance and scattering coefficients for skin and bone were obtained at each wavelength, between 700 and 900 nm. The average absorbance coefficients for skin and bone were 0.026 49 , 50 respectively. The thickness of the first layer representing the skin was assumed 1-3 mm, 51 and of the second layer was assumed 37-39 mm. 52 The physical source-detector distance was 1 cm (detector A) and 2 cm (detector B), respectively. The desired chromophore concentration changes in each layer are obtained as follows. First, the change in the absorption coefficient at each wavelength for each layer (Dm a,i ) is estimated by solving the linear systems of equations:
Then the change in concentration of the chromophores in each layer i (i.e., DO 2 Hb i and DHHb i ) is obtained by combining the Dm a;i values at all wavelengths and solving:
where E is a (number of wavelengths) Â (number of chromophores) matrix whose columns are the known extinction coefficients of each chromophore; the superscript T denotes the transpose; and Dm a;i is a column vector containing the Dm a;i values for all wavelengths for the ith layer. This solution is equivalent to a linear least-squares fit of the Dm a;i values. Established values were used for the extinction coefficients of oxygenated and deoxygenated hemoglobin 53 ; in this wavelength range, the contribution of water and lipid chromophores is several orders of magnitude less than that of oxygenated and deoxygenated hemoglobin and thus it was not included.
Statistical Analysis
Changes in O 2 Hb and HHb concentrations in the tibia were assessed in able-bodied and SCI rowers using the two-layer EMBLL model presented between baseline and rowing exercise, and between baseline and post rowing. Changes in tHb concentration were assessed as the sum of the changes in O 2 Hb and HHb concentration. Significant differences were determined using a one-sample t-test to determine changes from baseline during and after rowing. Differences in hemoglobin concentration between able-bodied rowers and SCI FES-rowers during rowing and post rowing were assessed using a two-tailed t-test. Statistical significance was set at 0.05 for all tests.
Validation Study
Changes in O 2 Hb and HHb concentrations in the quadriceps group during sustained muscle contractions were assessed using a simplified one-layer model to be directly comparable to previous studies and the output of commercial systems. Specifically, we computed
where DOD B is a column vector containing the DOD B values measured at all wavelengths. To be consistent with the frequently used convention, 54 ,55 we adopted the mMcm form of the solution for these experiments only (i.e., solving for the product of the optical pathlength and the changes in concentration in mMcm). Changes in total hemoglobin content (tHb) concentration were assessed as the sum of the changes in O 2 Hb and HHb concentration.
RESULTS
Validation: Muscle Response During Exercise
During sustained isometric exercise at 30% maximum voluntary contraction and 100% maximum voluntary contraction, there was a decrease in total hemoglobin content in the quadriceps muscles, with a rapid increase in total hemoglobin at the end of the contraction (Fig. 3) . During isometric contractions, intermuscular pressure increases, compressing the microcirculation vessels and restricting arterial inflow to the muscle, resulting in a rapid ejection of venous blood. 56 Studies using commercially available NIRS devices have found similar behavior in changes in total hemoglobin in both sustained and intermittent exercise in the quadriceps and biceps muscles. 40, 54, 57 This demonstrated that our device is able to detect comparable changes in blood perfusion in skeletal muscle.
Acute Changes in Blood Perfusion in Bone in Response to Exercise
In able-bodied individuals, the intensity of the scattered light measured across the tibia declined both during rowing, as well as post rowing (Fig. 4 ). An increase in blood content (chromophore concentration) results in more light being absorbed and thus a decrease in diffused light measured by the detectors. Therefore, the decrease in light intensity for the two detectors indicates an increase in blood perfusion both in skin and bone. The oscillations in the signal measured during the rowing interval was due to slight changes in coupling of the light from the skin surface into the optical fibers during the rowing cycle (we note that this was not evident before or after rowing where the individual was stationary).
When an inert material (i.e., rubber eraser) was placed between the leg and the holder of the NIRS device during the rowing exercise, no change in light intensity was measured for either of the two detectors during rowing or post rowing (Fig. 5) . The oscillation during the rowing interval was not evident because the material was rigid and light coupling was not disturbed. Overall, this indicates that the light intensity trends measured during rowing (Fig. 4) were due to physiological changes in blood perfusion in the skin and bone and were not, for example, movement of the probe position over the course of the experiment.
We used the full measured spectra to measure changes in hemoglobin concentrations (in mM) during and after exercise as described above. As a group, in able-bodied rowers, there was an increase in deoxygenated blood (HHb) concentration in the tibia during rowing (p ¼ 0.02), with no changes in either oxygenated (O 2 Hb) or total hemoglobin (tHb) concentration (Fig. 6) . We note that data from 3 min of the rowing interval was averaged in each case, which mitigated the oscillations in the signal. Post exercise, able-bodied rowers had an almost significant increase in tHb concentration (p ¼ 0.06). A power analysis indicated that to maintain a statistical significance of 0.05, an additional of eight subjects would be needed to find a significant increase in tHb concentration post rowing. The immediate increase in tHb post rowing resulted mainly due to an increase in HHb (p ¼ 0.02), while no change in O 2 Hb concentration was found.
In those with SCI, there was an almost significant decrease in O 2 Hb concentration in the tibia during FES-rowing (p ¼ 0.06), with no changes in HHb and tHb concentrations (Fig. 7) . A power analysis indicated that to maintain a statistical significance of 0.05, an additional of eight subjects would be needed to find a significant decrease in O 2 Hb concentration during rowing. Post FES-rowing, those with SCI showed no change in either O 2 Hb, HHb, or tHb concentration.
Thus, with rowing, deoxygenated blood increased in able-bodied individuals during and after rowing. However, in FES-rowing, those with SCI showed only a decrease in O 2 Hb during rowing, with no significant changes in tHb post FES-rowing.
During rowing, able-bodied rowers had a greater change in HHb concentration than SCI rowers (p ¼ 0.03 HHb). Similarly, after rowing, able-bodied rowers had a greater change in HHb concentration compared to SCI FES-rowers (p ¼ 0.03 HHb).
DISCUSSION
In this study, we built, tested, and validated a custom NIRS instrument to monitor changes in hemoglobin content in the human tibia with rowing exercise. Our preliminary investigations here showed that our instrument provides a similar response with respect to muscle oxygenation during quadriceps isometric contraction as commercially available NIRS systems. The total hemoglobin content found during 30% and 100% maximum voluntary contractions has similar behavior 
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and order of magnitude to that found during maximum brachialis contractions in the arm. 40, 54 Additionally, the experiments conducted with inert materials showed that our system indeed captures a physiological response in blood perfusion in the tibia.
As we discussed, NIRS measurements require firm coupling of light sources and detectors to the skin surface, and therefore are sensitive to both positioning and subject motion. The positioning of the apparatus on the tibial bone will introduce inter-subject variability related to placement, tissue properties, and anatomical variability. Noisy fluctuations were evident during the rowing intervals where the motion periodically altered light-tissue coupling, resulting in oscillations in the signal. We minimized this by ensuring close interface between the detector fibers and the leg, and by averaging the data over the entire interval. Despite this, we attribute some of the higher observed variability in chromophore concentrations in both groups during rowing compared to post exercise (Figs. 5 and 6) to this effect. Finally, to minimize variability due to leg positioning, all measurements pre-and post-exercise were taken in the same position (knee angle set to 120˚) for all subjects. We discarded all trials that suggested possible shifting of the apparatus anytime during the test period.
We also quantified changes in blood content in the tibia with rowing in able-bodied and in individuals with SCI. In able-bodied individuals, total blood content in the tibia increases immediately after exercise. This response is quantified by an increase in deoxygenated hemoglobin during rowing and an increase in total hemoglobin content post exercise due primarily to a further increase in deoxygenated hemoglobin. In the SCI individuals, the response to FES-rowing was characterized only by a decrease in oxygenated hemoglobin during rowing, but no other changes in blood content during or post exercise were found. This result is not surprising given the impaired peripheral circulation seen in individuals with SCI. 32, 33 Our results are also in agreement with the slower hemoglobin recovery time post cuff inflation response seen by Khakha et al. 28 in SCI compared to able-bodied. This suggests that in individuals with SCI using FESdriven muscle activation, the level of activity is not sufficient to result in an increase in blood content as seen in the able-bodied population.
One of the limitations of this study is that our results could not be directly validated with literature values. To date, there are no established measurements of acute changes in total blood content in the human bone (which was precisely the motivation for developing this sensor) and thus it is difficult to quantitatively validate our results. The lack of comparable data in the literature underscores the high potential value of the NIRS technique to the field. Our estimates of hemoglobin concentration depend on different geometrical (i.e., skin thickness) and optical properties (i.e., skin and bone absorption and scattering coefficients). To assess the influence of different geometrical parameters, we varied the skin tissue layer between 1 and 3 mm. The resulting concentrations were within the standard error of our model. To assess the influence of different optical parameters, we varied the chosen absorption and scattering parameters for both skin and bone by AE25%. ). As in the case of skin thickness, the resulting concentrations using the different optical properties were within the standard error of our model. Though the magnitude of the change in oxy/deoxy hemoglobin is sensitive to the skin thickness and optical properties, the overall conclusions (increase/ decrease in blood) are robust.
This study extends previous work that demonstrated the potential of NIRS measurements of blood in tibial cortical bone using cuff inflation in a single subject 22 and in different superficial bones using a single-layer system. 25 In this work, we demonstrate that NIRS is able to measure significant physiological changes in blood perfusion during exercise in a cohort of able-bodied individuals. Not surprisingly exercise did not produce a change in blood in bone in SCI subjects. We extend previous work using two detectors in our system and a two-layer model that minimizes the influence of the skin tissue, which is highly perfused and may cause significant artifact. Whereas previous studies used single wavelength light, we used a broadband light source, which will allow measurement of additional chromophore content such as water or lipids in future studies.
To conclude, the current study demonstrates the feasibility of using NIRS to detect changes in hemoglobin concentration in the human cortical bone. We have demonstrated that NIRS allows non-invasive monitoring of blood content changes in the human bone. Future work will use this technology in clinical applications such as stress fracture detection, where there is value in providing real-time in-clinic measurements of blood perfusion in bone. 
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